The current study was conducted to investigate the pathogenicity and its mode of action by Verticillium lecanii hybrid strains in different sedentary stages of Heterodera glycines. Three different sedentary stages (pale yellow female, yellow brown cyst, and dark brown cyst) of H. glycines were treated with V. lecanii and incubated for 3 weeks on water agar. After 3 weeks of incubation, eggs were investigated for the following parameters: (i) the infection frequencies of eggs, (ii) the number of eggs laid, and (iii) the number of mature and healthy eggs. Subsequently, the fecundity of H. glycines treated with V. lecanii was investigated in greater detail. Consequently, some strains had a greater ability to infect eggs and this significantly reduced the number of eggs laid and mature eggs in pale yellow females. This study indicates that V. lecanii is more effective on females rather than cysts of H. glycines and that V. lecanii may act on H. glycines in multiple ways.
INTRODUCTION
The soybean cyst nematode (SCN), Heterodera glycines Ichinohe, is one of the most important pests of soybean (Riggs, 1977; Wrather et al., 2001) . The basic management strategy for SCN control, such as resistant cultivars and crop rotation, has been practiced, but soybean yield losses persist. In combination with biological control agents, this basic management strategy may be used more effectively.
One potentially useful agent for biological control is the fungus Verticillium lecanii (A. Zimmermann) Viegas. It is known that V. lecanii has a broad host range (Hall, 1981) and is effective against insects and fungi (Hall, 1980 (Hall, , 1982 Allen, 1982; Jackson et al., 1985) . It has previously been used commercially for the control of aphids and whiteflies (Hall, 1984) . Further, V. lecanii is one of the fungi known to colonize cyst nematodes and root-knot nematodes (Hänssler and Hermanns, 1981; Gintis et al., 1983; Meyer et al., 1990; Uziel and Sikora, 1992; Meyer, 1994; Eapen et al., 2005) . Aiuchi et al. (2004) carried out protoplast fusion among three strains of V. lecanii in order to obtain new hybrid strains. As a result of this experiment, 174 hybrid strains were obtained. Lalithakumari (2000) reported that protoplast fusion is a valuable tool for strain improvement by facilitating the recombination of whole genomes and the development of hybrid strains in fungal biological control agents. Furthermore, improvement in the antagonistic activity of hybrid strains was observed when compared with parental strains (Pe'er and Chet, 1990; Couteaudier et al., 1996; Prabavathy et al., 2006) .
In a preliminary experiment, some hybrid strains of V. lecanii suppressed damage to soybean plants caused by SCN more effectively in greenhouse pot tests in comparison with their parental strains, suggesting that these strains have potential as biological control agents against SCN. However, fieldscale applications would be more difficult owing to competition with other soil organisms. Thus, before field trials can be conducted, there is a need for detailed information about the key factors affecting the pathogenicity of V. lecanii and its modes of action. This information would be valuable when considering the most effective mode of application in field trials.
Some reports have indicated that immature eggs are more susceptible to fungal attack than mature eggs containing second-stage juveniles (J2) (Irving and Kerry, 1986; Kim and Riggs, 1991; Chen and Chen, 2003) . Furthermore, Meyer et al. (1990) demonstrated that one strain of V. lecanii decreased the number of viable eggs from yellow females, whereas the viability of eggs from cysts was not affected. This strain also reduced the viability of SCN eggs without colonization of the eggs; however, no such effect was observed in other strains of V. lecanii.
Therefore, the current study was conducted in order to investigate the pathogenicity in different sedentary stages of SCN by V. lecanii hybrid strains by using more strains and by studying the mode of action of SCN in greater detail.
MATERIALS AND METHODS
Fungal strains. Twelve strains of V. lecanii were tested in the current study (Table 1) . Of these, 2 strains, Vertalec ® and Mycotal ® (Koppert UK Ltd., Wadhurst, East Sussex, UK), have been exploited commercially as biological control agents against aphids and whiteflies, respectively. A third strain, B-2, was isolated from a green peach aphid in Obihiro. The remaining 9 strains were all obtained by protoplast fusion (Aiuchi et al., 2004 . We used AaF17, 23, 42, 80, and 103 as good antagonists to SCN; AaF11, 49, BbF17, and 2aF26 as moderate antagonists; and Vertalec ® , Mycotal ® , and B-2 as poor antagonists to SCN (Table 1) .
Nematodes. SCN (H. glycines) was cultured on soybean and Glycine max (L.) Merr. cv. Kurosen-goku was planted in plastic pots (diameter, 16 cm; height, 20 cm) containing sterilized field soil (loamy soil; 66.3% sand, 31.1% silt, 2.6% clay, pH 5.8) in a greenhouse. Pale yellow females (PYFs) and yellow brown cysts (YBCs) were obtained from the roots of 10-week-old soybean by carefully washing rhizosphere soil from the roots through a 710-mm-pore sieve onto a 250-mm-pore sieve. However, only dark brown cysts (DBCs) were collected from the soil using a method described by Yoshihara and Kegasawa (1989) . This soil had been maintained at 4°C for 3 months before being used.
Experiment 1: Pathogenicity to eggs of PYFs, YBCs, and DBCs on water agar. Females and cysts were surface-disinfested with 0.5% sodium hypochlorite (NaOCl) for 3 min and placed on water agar. Females and cysts that exhibited no signs of either fungal or bacterial growth after 3 d were used (Chen et al., 1996) .
Twelve strains of V. lecanii were cultured on potato dextrose agar (PDA; Difco Laboratories) at 25°C for 2 weeks. Plugs (5 mm diameter) cut from 228 R. SHINYA et al. VertalecϫMycotal ϩϩ AaF23
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a Combination of each parent according to Aiuchi et al. (2004) . b ϩϩ: The strain suppressed both SCN population and plant damage in third screening, ϩ: the strain suppressed only SCN population in third screening, Ϯ: the strain did not suppress SCN population in second screening, Ϫ: the strain did not suppress SCN population in first screening. The evaluation of antagonism to SCN is based on the suppression of damage to soybean plants and the SCN population in three screening tests using greenhouse pots.
these cultures were transferred to the center of Petri dishes (90 mm diameter) containing 1.5% water agar with streptomycin sulfate (0.1 mg/ml), kanamycin sulfate (0.05 mg/ml), and benzylpenicillin potassium (0.1 mg/ml) and incubated at 25°C. After 3 weeks of incubation, any of 4 fungusand bacteria-free PYFs or 4 YBCs or 3 DBCs were placed 2 cm away from the center plugs on each Petri dish, and two replicate Petri dishes per fungal treatment per SCN stage were prepared (two Petri dishes per fungal treatment for each of PYFs, YBCs and DBCs). One group of PYFs, YBCs and DBCs was plated on water agar without fungus as a control. The results of two replicates were combined for analysis. These females and cysts were further incubated at 25°C for 3 weeks.
After incubation, the females and cysts were picked up with forceps, placed in water, and squeezed with the forceps to obtain eggs. These eggs were observed with an inverted light microscope at ϫ100-400 magnification. The percentages of eggs that were colonized by fungi and whether they were mature or immature were recorded by observing the first 100 eggs seen from 2 females and 2 cysts treated with each strain of V. lecanii. An egg was considered to be infected when either penetrating hyphae were visible or when hyphae emerged from the egg (Segers et al., 1996) . Empty eggs from which the juvenile had already hatched and eggs containing J2 individuals were considered to be mature eggs. It was confirmed that there was a exit slit through which the juvenile had already emerged from the empty egg. Further, in PYFs and YBCs, eggs containing an embryo or first-stage juvenile were considered to be immature. However, immature eggs were not counted in DBCs, since most of the eggs had already been laid and matured before fungal treatment. In addition, the number of eggs in PYFs and YBCs were determined.
Experiment 2: Number of eggs laid in PYFs after fungal treatment. AaF42 significantly reduced the number of eggs in PYFs, whereas 2aF26 had no effect on SCN in experiment 1. Since the difference in fecundity caused by these 2 strains needs to be examined in detail, hybrid strains, AaF42 and 2aF26, were used in experiment 2.
AaF42 and 2aF26 were cultured and incubated using the same procedures as described in experiment 1. After 3 weeks of incubation of each strain on water agar, 28 fungus-and bacteria-free PYFs were placed 2 cm away from the center plugs on each Petri dish, and three Petri dishes per fungal treatment were prepared. One group of PYFs was plated on water agar without fungus as a control. PYFs were collected and surface-disinfested by the aforementioned method.
After 3, 7, and 14 d incubation at 25°C, females were picked up with forceps, placed in water, and squeezed with the forceps to obtain eggs. Then, the number of eggs laid per 6 females was counted in each Petri dish. Concomitantly, the percentage of tan discoloration of the PYF bodies was determined per Petri dish per day. A PYF was considered to be discolored when its color became the same color as DBC.
Statistical analysis. Data were subjected to analysis of variance (ANOVA) and when the F-test was significant at pϽ0.05 or 0.01, the treatment means were compared using Tukey's honestly significantly different (HSD) test.
RESULTS

Pathogenicity to eggs of different stages of SCN on water agar
PYFs contained few eggs (meanϭ10 eggs/female) in the body, all of which were immature (eggs fertilized but without J2 development). However, these females had already been inseminated, since most females produced eggs containing an embryo and had transformed into a brown cyst by the time of the preliminary examination (Triantaphyllou and Hirschmann, 1962) . Among the eggs in the YBCs, 72% were immature and 28% were mature (with development of J2). YBCs had not completed egg laying at that point in time (meanϭ84 eggs/cyst). Among the eggs in DBCs, 6.5% were immature and 93.5% were mature. DBCs had completed egg laying (meanϭ184 eggs/cyst).
The infection frequencies of the various fungal strains with regard to the eggs of SCN varied and were affected by the different sedentary stages of SCN (Table 2) . In most strains, a higher egg infection rate tended to be observed in females rather than cysts. AaF103 infected the highest percentage of eggs in females. On the other hand, BbF17 exhibited the lowest percentage of egg infection in both females and cysts.
At the same time, a large number of immature eggs and a high immature egg rate were observed in both PYFs and YBCs treated with BbF17 and 2aF26, although hyphae were not observed on/in the eggs. BbF17 significantly (pϽ0.01) increased the ratio of immature eggs in PYFs, and BbF17 and 2aF26 also significantly (pϽ0.01) increased the ratio in YBCs as compared to the control (Table 3) . Furthermore, AaF42, AaF17, AaF103, and AaF23 significantly (pϽ0.01) reduced the number of eggs in PYF as compared to the control (Table  4 ). AaF23 also reduced the number in YBC; however, the difference in the number of eggs laid among strains was obviously greater than YBC in PYF.
Subsequently, the number of mature eggs was determined ( Figs. 1a and b) . In some strains, mature eggs hardly remained in PYF. Moreover, all strains significantly (pϽ0.01) reduced the number of mature eggs in PYFs and YBCs when compared with the control, although no significant difference was observed among individual strains (pϾ0.05) ( Figs. 1a and b) . 230 R. SHINYA et al. 
Detailed evaluation of ability to reduce the number of eggs laid
The number of eggs laid in PYFs treated with fungi was determined after 3, 7, and 14 d incubation on water agar at 25°C (Fig. 2) . After 3 and 7 d subsequent to fungal treatment, no significant difference was observed in the number of eggs laid in PYFs. After 14 d, however, AaF42 significantly reduced the number of eggs laid in PYFs as compared to 2aF26 and the control (pϽ0.05 and pϽ0.01, respectively).
In addition, the tan discoloration of PYF bodies treated with AaF42 or 2aF26 was accelerated as compared to the control (Fig. 3) . In particular, this change rapidly appeared in PYFs treated with AaF42 or 2aF26 approximately 3 d after incubation. In addition, all PYFs treated with AaF42 had changed into brown cysts by 10 d after incubation.
DISCUSSION
Most V. lecanii strains examined appeared to have higher infection rates of PYF eggs than those of YBCs and DBCs (Table 2) . Meyer and Wergin (1998) reported that cysts tended to be more rapidly colonized by V. lecanii than females and also described that the cyst wall apparently was not a barrier to V. lecanii, so it is possible that these results show differences in egg development. PYFs contained more immature eggs than cysts. It is thought that V. lecanii infects more eggs that have not completed their embryonic development than mature eggs containing J2 individuals.
Moreover, infection with some strains of V. lecanii reduced the number of eggs in PYF (Table  4 ). Egg laying by females treated with AaF42 ter-231 Pathogenicity to SCN by V. lecanii minated approximately 3 d after incubation. The body wall of these females rapidly tanned and the individuals subsequently encysted (Figs. 2, 3) . A cyst can be considered a dead female (Niblack, 2005) ; therefore, the formation of cysts indicated that females treated with AaF42 died before the completion of egg laying. Meyer and Wergin (1998) observed that some females colonized by V. lecanii contained few eggs and hypothesized that V. lecanii infected and killed some females before a full complement of eggs was produced. Our results also support this hypothesis. In addition, Kerry (1990) indicated that V. chlamydosporium reduced the fecundity of H. schachtii; infected individuals forming small cysts containing few healthy eggs. In this study, four V. lecanii hybrid strains (AaF42, AaF17, AaF103, and AaF23) that suppressed SCN population and damage to soybean plants in a preliminary greenhouse test tended to reduce the number of eggs (Table 4 ) and also the number of mature eggs (Fig. 1a ) in PYFs; however, no significant difference was observed in the effect on YBCs among individual strains in YBCs (Table 4) , and AaF42, which caused remarkable suppression of SCN population in a greenhouse test, did not exhibit a high percentage of egg infection in cysts (Table 2 ). This suggests that V. lecanii may have colonized and rapidly weakened or killed SCN females before the completion of egg laying and reduced the number of mature and healthy eggs in soil.
The ratio of immature eggs in PYFs and YBCs treated with BbF17 was significantly higher than that of the control, and 2aF26 also significantly increased that in YBCs as compared to the control (Table 3 ). In particular, a large number of eggs in females and cysts treated with BbF17 remained immature after 3 weeks of incubation (Fig. 1) , although BbF17 was a weak parasite with regard to the eggs of SCN (Table 2) . In other strains, the ratio of immature eggs in PYFs and YBCs was low. The reason behind this low ratio is that other strains have high colonization ability, and thus these strains might already have infected immature eggs. Additionally, several abnormal eggs (including eggs with vacuoles and deformities) were observed in PYFs and YBCs treated with fungi, although these eggs were included in immature eggs in this experiment (data not shown). These results indicate that fungal enzymes or other active com-pounds secreted into females and cysts of SCN might prevent embryonic development or kill the eggs without the need for the eggs to be colonized. This suggestion was supported by our previous study. Our previous study demonstrated that fungal culture filtrates of some hybrid strains of V. lecanii exhibited high toxicity against embryonated eggs of H. glycines .
Since the evaluation method using estimates of the number of mature and healthy eggs is largely accurate over several modes of action, it appears that this method is an appropriate and simple in vitro test to evaluate the pathogenicity to nematode eggs of V. lecanii. However, testing the efficacy of these fungi in soil is essential, since fungi that perform well in laboratory tests may not be effective under field conditions (Kerry, 2001) .
Based on the results of this study, we conclude that V. lecanii is more effective against female SCN than against cysts, and the following could be its modes of action: (i) the colonization of females and the reduction of their fecundity, (ii) the prevention of embryonic development or the killing of immature eggs, and (iii) the infection of immature or dead eggs. From this viewpoint, the ability to attack females and the ability to colonize on soybean root surface, from which females emerge, may be important to control SCN by V. lecanii, and at least these two abilities should be high in potentially useful strains of V. lecanii. It is quite likely that AaF42 exhibited that high reduction of the fecundity of SCN has high potential as a biological control agent against SCN, though further studies in non-sterilized soil are necessary.
